This study involved a campaign to isolate and study additional latrunculin analogues from two taxonomically unrelated sponges, Cacospongia mycofijiensis and Negombata magnifica. A total of 13 latrunculin analogues were obtained by four different ways, reisolation (1-4), our repository (5, 6), new derivatives (7-12), and a synthetic analogue (7a). The structures of the new metabolites were elucidated on the basis of a combination of comprehensive 1D and 2D NMR analysis, application of DFT calculations, and the preparation of acetonide derivative 7a. The cytotoxicities against both murine and human cancer cell lines observed for 1, 2, 7, 7a, 8, 9, and 12 were significant, and the IC 50 range was 0.5-10 µM. Among the cytotoxic derivatives, compound 9 did not exhibit microfilament-disrupting activity at 5 µM. The implications of this observation and the value of further therapeutic study on key latrunculin derivatives are discussed.
Introduction
The latrunculins are an important group of sponge-derived bioactive small molecules whose properties have been extensively studied for almost 30 years. 1 The two lead compounds of this series are latrunculin A (1) and latrunculin B (2), originally isolated from the Red Sea sponge Negombata magnifica (old genus designation Latrunculia). 1, 2 Their basic structural motif consists of a macrolide 1,3 fused to a tetrahydropyran containing a 2-thiazolidinone side chain. Compound 1 also shares a carbon skeleton with the anticancer active epothilone A, 3 obtained from cultures of the terrestrial myxobacterium Sorangium cellulosum. 4, 5 The sustained attention given to the latrunculins can be attributed to three factors: a unique mixed biogenesis from PKS/NRPS, a,3 their potent actin inhibition properties, 2, 6 and their potent cytotoxicity against cancer cell lines. 7 In comparison to the many other common natural product actin inhibitors 8 latrunculin A is the most widely used small molecule molecular probe. Its actin inhibition properties result from blocking the hyperassembly of G-actin to F-actin 6 by binding to a site in a cleft between subdomains II and IV. 9, 10 Somewhat surprising is that little side-by-side experimental therapeutic studies have been conducted on 1, 2, and their analogues. In principle, these compounds are available from total syntheses, [11] [12] [13] [14] [15] [16] but such a pipeline has not been tapped. Few commercially available compound libraries have entities beyond 1 and 2. Alternatively, it is possible to encounter these compounds in nature, but the sources are restricted to the marine realm. This project was designed to further probe the biological activity properties of the latrunculin chemotype. Thus, the goals were to reisolate 1 and 2, obtain new analogues as a minilibrary, and then evaluate them for their antiactin and cancer cell line cytoxicity activities. Another goal was to use the isolation results to gain a better understanding of chemical ecology of both N. magnifica and C. mycofijiensis that are both reliable sources of these compounds. We believed this could be accomplished by examining selected collections housed in our repository.
Results and Discussion
Initially, the experimental design used in this study was influenced by insights obtained from evaluating literature to assess the breadth of latrunculin analogues isolated according to their source organisms. Prior to our work outlined below, a total of 13 latrunculin family compounds had been reported, headed by 1, 2, and 11 analogues. Collectively, this information assembled in Table 1 (the entire list is shown in Table S1 of Supporting Information) indicated that there was a diverse group of sponges as sources of these compounds. This data set contains the sponge taxonomic identification reported, the collection location, and the latrunculin frameworks observed among the isolated metabolites. There is no biological crossover between the occurrences of Red Sea sponges versus those from the Indo Pacific. Alternatively, with only one exception, 1 has been observed from all of the organisms listed. There are two main carbon frameworks present in these compounds: octaketide containing (type 1) and heptaketide containing (type 2). These can be further subdivided into the six distinct architectures based on the count of rings that are present: three (type 1a or 2a), two (type 1b, 2b, or 2c), or one (types 2d and 2e). There are two other significant structural features present among all the latrunculin family frameworks; all have S chirality at the carbon bearing the methyl group most distant from the ester carbonyl, and the relative orientations of all three of the tetrahydropyran ring substituents are conserved. Other noteworthy chemical ecology patterns include the following: (a) The taxonomically unrelated sponges in groups A and B, briefly noted above as N. magnifica 2 and C. mycofijiensis, 17 are a reliable source of latrunculin A. (b) We believe three sponges of group C, Dactylospongia, Fasciospongia, and Hyattella, have been misidentified, and (c) one sponge of group C was not identified. In summary, the significant chemical ecology insights based in Table 1 suggested that the most direct route to obtain a diverse minilibrary of latrunculin frameworks would be through reexamination of Negombata specimens. Also, an extensive evaluation of Cacospongia collections was initially thought to be less useful because of their narrow chemical diversity as shown in Table 1 .
The observations outlined above dictated that the initial investigation begin on Red Sea derived N. magnifica. Isolation work on a collection obtained in 2001 eventually afforded three known compounds: 2, 1 16-epi-latrunculin B (3), 8 and latrunculin C (4) 18 (Chart S1 of Supporting Information). An additional two compounds were added to this cache from our previous study of a 1988 collection of this species. These included the known 15-methoxylatrunculin B (5) and one new analogue at the point of publication, latrunculeic acid (6). 19 Overall, these provided examples of the three of the six frameworks expected, including compounds of types 2a, 2b, and 2e.
It appeared, on the basis of the LCMS results (data not provided) of the crude extracts, that the only possibility for isolating additional chemotypes from Cacospongia mycofijiensis would occur through the investigation of minor components. This effort was begun with the large Fijian samples collected in 1989 and 2000. Surprisingly, the 1989 collection (5.8 kg) was devoid of 1 but was a source for mycothiazole 20 and CTP-431 21 whose polyketide skeleton was closely related to that of 1, plus minor amounts of new latrunculin derivatives that were not characterized. The isolation results for the 2000 collection [collection numbers 00100-I and -II (1.9 and 0.6 kg)] were much Table S1 . more rewarding as eight compounds were obtained. The extraction method was the same as that described above, and the resultant CH 2 Cl 2 extract purified by reversed-phase HPLC (Chart S2) afforded 1 and 2, plus new analogues latrunculol A (7), latrunculol B (8), 18-epi-latrunculol A (9), latrunculol C (10), latrunculone A (11), and latrunculone B (12) . These compounds, which are type 1a frameworks ( The elucidation of the planar structure for 7 was performed in a succinct manner once its molecular formula was established by HRESIMS as C 22 H 33 NO 7 S. Relative to 1 there were two additional H and O atoms each and one less unsaturation equivalent. The diene chromophore of 1 was now present in 7 as a monoene diol, which was substantiated from the NMR data. The 1 H and 13 C NMR spectra of 7 revealed that, vs 1, signals of the ∆ 6 double bond of 1 were replaced by two oximethine signals (Tables 2 and 3 ) for a vicinal diol. Though the 3 J 6,7 was not detectable, mutual gCOSY correlations were observed (Table  S6) Unraveling all the absolute stereochemical elements of 7 proved to be challenging. Establishing the spatial relationship between the three tetrahydropyran ring substituents plus that at C-18 was not the problem. These were readily determined from 1 H NMR coupling constant magnitudes. The large and small J values between H-13 and H-14a (J ) 11.3 Hz), H-13 and H-14b (J ) 3.8 Hz), and H-15 and H 2 -16 (J 15,16a ) 4.3 and J 15,16b ) 2.0 Hz) mirrored that of 1. Clearly, two of the groups appended to the chair conformation pyran ring consisted of an equatorial C-13-C-12 bond and an axial C-15-O, possessing 13R*, 15R* configurations. The C-17 and C-18 chirality was deduced to be 17R* and 18R* because of the parallel NMR data of 7 [δ 97.6 (C-17), δ 3.86, ddd, J ) 8.6, 6.5, and 1.2 Hz (H-18), δ 63.4 (C-18)] versus 1 [δ 96.9 (C-17), δ 3.87, dd, J ) 8 and 7 Hz (H-18), δ 62.1(C-18)] 22 with R configuration at these sites. Next, the C-7 and C-10 centers were deduced to be 7S* and 10S*, as a strong NOE correlation was observed between H-7 and H-10. The additional NOE correlation observed between H-10 and H-13 made it possible to further interrelate all three as 7S*, 10S*, and 13R*. (Table S6 ). Tying in the relative stereochemistry at C-6 was accomplished through the NMR analysis of the acetonide 7a obtained from 7 by treatment with 2,2-dimethoxypropane and pyridinium p-toluene sulfonate. The relatively large coupling constant of 7a between H-6 and H-7 (J 6,7 ) 8.6 Hz) and the NOEs observed from H-6 to H-8 and H-7 to H-10 as shown in Figure 1 all suggested a 6,7-anti configuration.
23 Therefore, the stereochemistry of H-6 was determined to be 6S* building on the 7S* assignment.
Converting the relative assignments enumerated above into absolute stereochemical designations was accomplished by examining the sensitivity of 13 C δ values to changes in the C-6 and C-7 configurations. Such analysis for 7 was launched through DFT calculations, which involved comparing the experimental data to 13 C chemical shifts calculated for four possible diastereomers based on chirality changes at these two sites. The software Spartan 06 was employed and primed with the dual basis sets, B3LYP/6-31G*//B3LYP/6-31G* level. 24 We have previously demonstrated the power of the preceding basis sets as a calculation tool and have defined the empirically derived expectation for acceptable agreement (experimental vs calculated) assessed by an MAE of <2.2, and a % Score of >85. 25 The best agreement among the four diastereomers of 7 shown in Table 4 (and Tables S12-S15 of Supporting Information) was observed for the 6S, 7S isomer with % Score ) 95 and MAE ) 2.1. Thus, the final assignments for 7 consist of 6S, 7S, 10S, 13R, 15R, 17R, 18R. These match those at the biosynthetically common chiral centers of 1 (at C-10, C-13, C-15, C-17, and C-18) whose absolute stereostructure has been unambiguously determined. 26 The compounds 8, 9, and 10 were close in structure to 7, and this simplified their characterizations. Compound 8 of C 23 H 35 NO 7 S had an extra CH 2 compared to that of 7, which was assigned as a methoxyl group (δ H 3.24, s, δ C 56.5). The 13 C NMR signal (Tables 2 and 3 ) at C-7 in 8 was shifted upfield by 9 ppm vs that of 7, making the point of attachment for the OCH 3 group obvious, which was further confirmed by the 2D NMR data (Table S7 ). Parallel absolute chirality between 8 and 7 was proposed on the basis of the nearly identical 1 H J values and 13 C δs values at each chiral center. Compounds 9 (C 22 H 33 NO 7 S) and 10 (C 22 H 33 NO 7 S) were each diastereoisomers of 7 because each of the trio exhibited nearly similar 1 H and 13 C NMR properties (Tables S8 and S9 of Supporting Information). A minute, but distinct, difference between 9 and 7 was in the coupling constant patterns to H-18 (9, 3.92 td, J ) 8.1 and 1.2 Hz; 7, 3.86, ddd, J ) 8.6, 6.5 and 1.2 Hz). Therefore, compound 9 was designated as 18-epi-latrunculol A. Additional support for this conclusion came by noting the 1 H NMR data at H-18 in 9 were parallel to that of the isostructural 16S proton 8 Thus, on the basis of this consideration and in analogy to 1, the absolute chirality of 9 was deduced as 6S, 7S, 10S, 13R, 15R, 17R, 18S. The last compound 10 was concluded to have identical relative configurations at C-17 and C-18 compared to 1 and 7 because of congruence of the NMR data at these sites. In addition, NOEs (Table S9) between (a) H-10 and H-7, (b) H-13 and H-7, (c) H-13 and H-10, plus the diagnostic J values to H-15 enabled assignment of the 7S*, 10S*, 13R*, 15R* configurations for 10. Lastly, C-6 must be 6R* to render 10 isomeric to 7. To confirm this conclusion, the DFT calculated vs experimental 13 C shifts obtained for the four C-6 and C-7 diastereormers of 10 were analyzed as shown in Table 4 . The best fit was for 6R,7S, which gave % Score ) 95 and MAE ) 1.7 (Table 4 and Tables  S16-S19 ). With this last assignment completed and by biogenetic analogy to the configurations in 1, the absolute structure of latrunculol C was deduced to be 6R, 7S, 10S, 13R, 15R, 17R, 18S.
The last compounds to be characterized were 11 of C 22 H 31 NO 7 S and 12 of C 22 H 31 NO 6 S, whose formulas were established from the HRESIMS data. The low field (Table S9 ) was finalized by observing key HMBC correlations (H-22/C-9, H-8/C-10, and H-7/C-9) and key COSY correlations (H-6/H-7 and H-7/H-8). The geometry of the trans double bond at C-7-C-8 was also determined on the basis of 1D NOESY correlations from H-6 to H-8, from H-7 to H-10, and from H-13 to H-7. The NMR data of 12 indicated a homo conjugated trans-enone [δ 207.4 (C-6)] with a clearly visible bis-allylic methylene group [δ 2.96 and 3.35 (H 2 -7), δ 41.5(C-7)]. The key COSY correlations (H-5/H-6 and H 2 -7/H-8 and H-8/H-9) and HMBC correlations (H-5/C-6 and H-8/C-6) signified the planar structure 12. The absolute configurations for 11 at the tetrahydropyrane and the thiazolidinone rings were deduced to be the same as those in 7, 8, and 10 because of the similar proton and carbon NMR profiles at each of pertinent chiral centers. The 10S configuration was based on analogy to that of the latrunculin A congeners, but none of the data collected allowed definition of the stereochemistry at C-6. The absolute structure of 12 was provisionally assigned 10S, 13R, 15R, 17R, 18R based on its biogenetic relationship to l.
A minilibrary of 13 compounds was obtained in sufficient quantity to engage in bioactivity assessment. This included 10 metabolites (1-4, 7-12 ) isolated in this study, two latrunculin analogues (5, 6) from our pure compound repository, and the synthetic derivative 7a. Each was evaluated in the disk diffusion soft agar cell-based assay against murine cell lines shown in Figure 2 : colon 38, L1210, and CFU-GM. 27 Compounds were adsorbed onto the disk at similar concentrations, and a zone of inhibition (Z) in mm was recorded. Somewhat surprisingly, one of the new compounds, 7, showed the best cytotoxic effect against colon 38 (Z C38 ) 23.5 mm at 1.1 µM), which was 2.6 and 1.8 times greater than 1 (Z C38 ) 9.0 mm at 1.9 µM) and 2 (Z C38 ) 13.0 mm at 5.1 µM), respectively. Four other compounds were almost as effective against colon 38, and these included acetonide 7a (Z C38 ) 21.0 mm at 4.0 µM), 8 and 12 (each Z C38 ) 19.5 mm at 1.1 µM), followed by 9 (Z C38 ) 17.0 mm at 3.5 µM). Examining the relative sensitivity of the two other cell lines to these and the other compounds provided an assessment of their relative solid tumor selective cytotoxicity. 27 Four compounds fit this designation and are flagged by a an asterisk (/) in Figure 2 . These include 1, 3, 7, and 9 with colon 38 selective in their cytotoxicity effect as follows. The magnitude of the differential selective cytotoxicity for 7 was identical to that of 1 (Z C38 -Z CFU-GM ) 9.0 mm). Interestingly, compound 9 (Z C38 -Z CFU-GM ) 15.0 mm), the 18S epimer of 7, exhibited the greatest overall differential selective cytotoxicity. A similar enhancement of relative solid tumor selectivity was also seen when comparing the epimers 3 (Z C38 -Z L1210 ) 9.0 mm) and the 16S isomer 2 (Z C38 -Z L1210 ) 1.5 mm). The next steps in this evaluation involved expanding the bioassay results by including additional cancer cell lines, and this was done next. Responses of two human solid cancer cell lines, HCT-116 and MDA-MB-435, were measured by trypane blue and the SRB method, respectively, for all 13 compounds, and the IC 50 values are summarized in Table 5 . Collectively these data showed significant inhibition for 7 of the 13 compounds and the trends against the HCT-116 cell line were somewhat similar to that observed in the disk diffusion assay. Overall, there were seven very active compounds led by 7 with the smallest IC 50 ) 0. 1 (2.8), 2 (4.8), 8 (4.0) , and 7a (7.9). While these responses are appealing, there is another important issue. Effective cytotoxins such as 1 and 2 that are powerful antiactin agents are usually considered to be unsuitable for therapeutic development because of their unselective profile. 28 The IC 50 ratios tabulated in the third column of Table 5 for the last six compounds could be interpreted as consistent with this view. Alternatively, the very different ratio computed for 9 could foreshadow a special circumstance. This possibility was investigated next.
The minilibrary was further assessed in a microfilamentdisrupting assay using A10 cells.
29 Figure 3 shows the results of the phenotypic assay used, and the last column of Table 5 summarizes the level of anti-actin action at 5 µM for each of the compounds. Our results are consistent with previous studies that show, relative to the control, the expected microfilamentmodulating effects exhibited by 1 and 2. We also observed, as shown in Figure 3 , significant disruption action by 3 and 7. Analogous perturbation effects were observed (not shown here but tabulated in Table 5 ) for 7a, 8, 10, 12 at 5 µM. By contrast, the response for 9, while not identical to the control (Figure 3) , represents the pattern expected for a compound devoid of significant microfilament-disrupting action. Similar negative responses were observed for four other compounds, 4, 5, 6, and 11. Overall, these results when evaluated side-by-side with the cytotoxicity data indicate that six of the seven very active compounds (1, 2, 7, 7a, 8, 12 ) are aggressive actin disruptors. The different profile for 9 is intriguing, and apparently a variation in the 18R to 18S configuration of the thiazolidinone ring (7 vs 9) diminishes the anti-actin effect without eliminating the cytototxicity properties. This pattern does not appear to hold for the latrunculin B series, as the microfilament-disrupting b The microfilament-disrupting effects were evaluated in rat aortic smooth muscle A10 cells: (+) active at 5 µM; (-) inactive at 5 µM. c n ) 3. activities were similar for 2 vs 3, in which the configuration at 16 changes from R to S. It is worthwhile to further discuss one additional activity trend that has emerged from this study. More than 50% of the latrunuculin analogues (seven compounds) evaluated in this cell based assay study were significantly active (IC 50 ) 0.5-10 µM) against one or both cell lines. All of these compounds possess the type 1a framework. The remaining six compounds had modest to inactive IC 50 values, and this group included all four of the type 2 framework compounds plus two with a type 1a framework. The conformation of the 16-membered macrolide ring appears to be critical for activity as judged by the significant activity of 1, 7, 7a, 8, and 12 vs the poor responses for 10 and 11. Not to be ignored is the requirement for the R configuration of the thiazolidinone ring for maximizing IC 50 against human tumor cell lines.
Conclusions
Our findings have increased the understanding about the latrunculin family chemotypes and their cytotoxicity properties. We obtained both 1 and 2 from a Fijian C. mycofijiensis, which represents the first example of types 1 and 2 structures co-occurring in Cacospongia. The isolation and characterization of 7-11 possessing unprecedented new macrolide oxygenation patterns serves to further extend the record of structural information. The discovery that there are two distinct cytotoxicity modes of action operating for the latrunculin family, illustrated by the data in Table 5 for 1, 7, 12 vs 9, should stimulate further interest in experimental therapeutics investigations of these compounds. The NCI database contains information about 1 (NSC 613011) and 2 (NSC 339663), but these records have been generally ignored or are unavailable to the scientific community. As another important forgotten finding, Longley demonstrated that 1 was remarkably activity against A549 lung tumor xenograft mouse model (T/C ) 146%). 30 This provides an important counterpoint to the observations of the DTP/NCI group that have not been able to "demonstrate a realistic therapeutic index" 28 for any cytotoxic actin inhibitor. At this juncture we have initiated efforts to further probe the preclinical potential of three new leads, 7, 9 and 12. The properties of 9 are especially important because they are similar to those of oxolatrunculin B, 31 as each may inhibit cancer cell line growth by an actin independent pathway.
Experimental Section
General Experimental Procedures. Optical rotations were obtained on a digital polarimeter. The NMR spectra were recorded in CDCl 3 and acetone-d 6 at 500 and 600 MHz for 1 H and 125.6 and 150.0 MHz for 13 C, respectively. Semipreparative HPLC was performed using a 5 µm C 18 ODS column by means of a single wavelength (λ ) 230 nm) for compound detection. High resolution mass measurements were obtained from an ESI-TOF mass spectrometer. DFT calculations were performed by Spartan 06 with a basis set at the B3LYP/6-31G*//B3LYP/6-31G* level. The computer used for DFT calculations was equipped with a dual 2.80 GHz CPU and 4 GB DDR2 SDRAM at 667 MHz with 222 GB disk space.
Biological Material, Collection, and Identification. Specimens of N. magnifica 19 (collection, no. 01600) (0.62 kg wet weight) were collected using SCUBA in 2001 off the coast of Eilat, Israel, at depths of 15 m. Two separate specimens of C. mycofijiensis 32 (collection nos. 00100-I and 00100-II) (1.9 and 0.6 kg wet weight) were collected using SCUBA in 2000 from the Beqa Lagoon, Fiji, at depths of 15-20 m. Taxonomic identification was based on comparison of the biological features to other samples in our repository and physical features of those previously published. 19, 32 Voucher specimens and underwater photos are available.
DFT Calculations for Carbon Chemical Shifts. The carbon chemical shifts predicted by Spartan 06 were corrected by the leastsquares method. 33 Score was defined by the equation [(no. of carbon -points)/(no. of carbon)] × 100 (%). The points (0-3 points) are given on the basis of the absolute difference between predicted carbon and experimental carbon chemical shift: (1) 0 points (<5 ppm), (2) 1 point (6-10 ppm), (3) 2 points (11-20 ppm), and (4) 3 points (>21 ppm).
Biological Assays. The detailed methods of the disk diffusion soft agar colony formation assay, IC 50 determination for HCT-116 and MDA-MB-435, microfilament-disrupting assay were described previously. 34 The assay results appear in Figures 2 and 3 and Table  5 .
Extraction and Isolation. Samples were preserved in the field according to our standard laboratory procedures and stored in a cold room until extraction was performed. The sponges were extracted 3× with methanol, and then the resultant oil was partitioned using a modified Kupchan-type solvent partition scheme. 35 The CH 2 Cl 2 extract (FD, 180 mg) of the sponge, N. magnifica (collection no. 01600) was fractionated using repeated semipreparative reverse phase gradient HPLC (80:20 CH 3 CN/ H 2 O up to 100% over 40 min) to give six fractions. Fraction H3 (7.8 mg) was then further purified using the above conditions to yield 4 (3.3 mg). Fractions H4 (51.2 mg) and H5 (11.3 mg) afforded 2 and 3. The CH 2 Cl 2 extract (FD, 75 mg) of the sponge C. mycofijiensis (collection no. 00100-I) was also purified using repeated semipreparative reversed-phase gradient HPLC (30:70 CH 3 CN/H 2 O up to 80:20 over 50 min) to give nine fractions. The resultant fractions H1-H9 eluted in the following order and afforded 10 (1.6 mg), 7 (8.3 mg), 9 (2.5 mg), 11 (2.6 mg), 8 (3.1 mg), 12 (2.8 mg), 1 (25.3 mg). Fractions H5 and H9 were not fully pursued because of limited sample size and purity. A separate purification of the lesser CH 2 Cl 2 extract (00100-II FD, 75 mg) was made using the same HPLC conditions and generated 11 fractions. Additional amounts of compounds 1 and 7-12 were obtained along with 2 (2.2 mg). 22 These isolation procedures for the sponges N. magnifica (collection no. 01600) and C. mycofijiensis (collection no. 00100) are described in Chart S1 and S2, respectively. Formation of Acetonide 7a from 7. To a solution of 7 (5.0 mg) in CH 2 Cl 2 (0.5 mL) were added 2,2-dimethoxypropane (0.75 mL) and pyridinium toluene p-sulfonate (9.0 mg). After stirring of the mixture at room temperature for 2 h, the solvent was evaporated under reduced pressure. The residue was purified by HPLC using acetonitrile-water (1:1 to 1:0) as the eluent to afford acetonide 7a (2.5 mg) as a colorless powder. 
